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Abs t r ac t

Wcprcscnt  a study of newly idcl)tificd colllctaryglobulcs  in the south-cast

quadrant of the Rosette Nebula usiI1g the J==l-O transition of carboli  monoxide.

The globules arc found to be blue-shiftcxl by about 6 km s-’ with respect to

the adjacent Rosette Molecular Cloud. ‘1’hc masses of the globules vary from

50 to 300 A4@, and their sizes arc bctwccn  1 and 3 pc. Two of the globules

have cometary morphology and show velocity gradients of ~ 1.5 km s-] pc-]

along their symtnctry  axes. These globules are associated with the IR.AS sources

06314+0421, X0632+043,  06322+0427 and 06327+0423 which coincide with lo-

cal maxima in the 13C0  emission. ‘1’hc derived physical paramckrs of the glob-

UICS arc found to bc consistent with those prcdictccl by rcccnt  theoretical models

of photocvaporating  cometary clouds. We suggest that star formation incluccd

by radiation driven implosion has occurred.



1 Introduction

%vcral  recent studies have suggested that radiation driven implosion is a

significant mcc}lanism for inducing star-formation in molecular clumps located

ill the neighborhood of O stars (Klein, Whitakcr  & Sandforcl  1985; Sugitani  c1

UL 1989; Bcrtolcli  1989; Hcrtolcli & MCKCC  1990; Sugitani,  Fukui & Ogura  1991).

q’hcsc clumps presumably evolve from the projections on the surface of a giant

molecular cloud, which arc typically convoluted (1 lickman,  ]Iorvatll  & Ma.rgulis

1990; Falgaronc,  Phillips & Walker 1991). ‘1’hc clumpy structure at the surfs.cc

of the molecular cloud allows the UV radiation from a neighboring 1111 region to

penetrate deep into the cloud (Stutzki  et al. 1988; IIoiss< 1990; Cox, IIcharvcng

& I,ccnc, 1990; Taubcr & Goldsmith 1990; Goldsmith et al. 1992; Elmegrccn

1992),

If sufIicicntly  intense, the UV flux can have a significant influcncc  on the

clumps and result in their taking on a cometary shape, with bright  rims roughly

facing the direction of the exciting star(s). These bright rims were first no-

ticed  L)y Duncan (1920), and were later studied il] detail at optical wavelengths

(Pottasch 1956; 1958a; 1958b; Ostcrbrock  1957; Dibai 1960 and Schncidcr  &

llmcgrccm  1979). An evolutionary sequence based on morphology has bcc]l

suggested by Rcipurth  (1983), l,cul]g (1985) and l~lmcgrccn  (1992). Sugital~i,

l’ukui  & Ogura  (1991) llavc  rcccnt]y  published an optical catalog of 44 such ob-

jects  in the northern hemisphere, which  arc associated with lRAS point-sources.

While these studies reveal the morphological features of the glolmlcs al]d arc

useful for identifying associated objects, the internal kinematic structure of the

globules and their motion with respect to tllc surrounding interstellar medium,

as WC1l  as their masses and other properties, can bc rcvcalcd  only by detailed
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spectral-line observations at Inillimctcr  wavclcllgt]]s.  ILwdio observations call

also reveal newer globules wllicll may bc missed Ly optical stuclics  due to their

IIaving insu~cient  colulnll  density or to tllc prcscncc  of cxccssivc di~usc  brigllt-

JICSS. ]Iowcvcr,  fcw such studies have k!cn  Inadc so far. ‘1’hc clcplla]lt-trulik

globules in the north-west quadrant of the Rosette Nebula  l]avc been studied Ly

Schneps,  110 & llarrctt (1980), the cometary globules in IC1396  by Woottcl]  et

al. (1983), Nakano ct al. (1 989), l)uvcrt  et al. (1990) and %rabyn,  Gustcn  &

Muncly  (1992), and those in the Gu]n NcLula by IIarju  et al. (1990), Sahu et al.

(1988) and Sridharan  (1992).

A W C]] known example of an 11 I I region showing the prcscncc  of speck and

elephant-trunk globules is the Rosette Nebula in Monoccros (NGC  2237-44)

which is at a distance of about 1600 pc (Turner 1976). Optical and 4.75 Gllz

radio continuum crnission (Cclnick 1985) indicates the prcscncc  of ionized gas

around the nebula which rcachcs  the boundary of tllc molecular gas. Cox, llchar-

vcl]g & Lcenc (1 990) have studied tllc lRAS emission from tllc Rosette Nebula

and the surrouIlding  molecular C1OUC1. l{ccmltly,  Kucllar,  IIlitz  & IJania  (1992)

have found an expanding 11 I shell around the Rosette Nchla,

Cometary globules have Lccn rccc]ltly  found in the south-cast quadrant of

NGC 2244 (J~lock 1990,  IIlock, Dyson & Madsen 1992; Sugitani,  Fukui & Ogura

1991 ). These globules exist  near the Rosette Molecular Complex mapped in

‘2C0  (hc,reaftcr  CO) and ‘3C0  by }]]itz &, q’haddcus (1 980) and IIlitz  & Stark

(1986). One of the globules shows the presence of a bright rim t}]at roughly

faces the cluster of young stars in tllc Rosette Nebula. The cxcitirig  stars in

NGC 2244 arc located roughly north-west of this region at a projcctcd  distance

of N25 PC.

Although CO emission has Lccn dctcctcd  from the region covcrccl  by these
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objects (lJlitz  lb Stark 1986), duc to relatively low al]gu]ar resolution and c.oarsc

sampling, the morpllcdogy  and kinmnatics  of the globules rctnaill  unclear. We

llavc  surveyed this region wit]] resolution and sampling improved by about a

factor of 2 compared to the ]Jrcvious  ohscrvatiolls, ]n this paper we rc]]ort

the results obtained from our fully sam])led C() and 13C0 maps of this region.

In the next  section we present the olmv-vational proccdurc.  I]) Section 3 wc

give t}ic results, derive  the physical conditions in the globules, a]]d discuss their

morphology, kinematics and lI{AS association. We compare our observational

results with some of the theoretical models of cometary globules in %ction 4,

and summarize our conclusions in %ction  5.

2 Observations

We mappccl a 0.5° x 0.5° rcgio]l  in CO and 13C.!0 J== I-O transitions with

the the l~CRAO 14-m ‘1’clcscopc  at Ncw Salcm,  Massac}lusctts,  during Oc-

tober and November 1991. Wc used the 15-clcmcnt QUARRY  rccciver  (Er-

ickson et aL 1992) with a set of filtcrbanks  each having 32 channels atid a

velocity resolution of 0.65 km s-l (at 115 GIIz)  as the primary spcctrom-

ctcr. 2The typical systcm  tmnpcraturc  (SS1]), mfmrcd  to above the Earth’s

atmosphcm,  was about 700K at 115 GIIz and about 500K at 110 Gllz, I’hc

data was acquired in position-switching mode with the rcfcrmcc position at

CY(l 950) = 06 A37’’L43.W, 6(1 950) = 04 °43’08” (I)litz  and Stark 1986), and cali-

bration was achicvcd  using a chopper-whcc]. ‘1’hc pointing and gain calibration

were checkecl  by ohsmving  SiO maser sources anti planets. The rms pointing

error  WM about 5“ and the )nain beam efficiency was mtimatcd  to lx N 0.45 at

both frcqucncim.

AFGL  961, locatccl  at ti(l 950) = 06’’31’’’58’, 6(1950) = + 04”15’30” (Blitz
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atld Thaddeus  1980), is the central positio]l ill tllc C() and 13C0  maps. ‘1’he

spacing of the data points is 25” and tllc half-power bcamwidth  is about 45” at

115 GIIz.  At the distance of l{oscttc,  1’ is equivalent to 0.47 pc. ‘1’hc rms noise

in each channel is typically 0.2 K in C() al]d 0.1 K in *WO .

3 Results

3.1 Morphology and kinematics

Fig. 1 shows the POSS rcd print of the south-cast quadrant of the Rosette

Nebula together with a map of integrated ‘3C() emission. l’igs. 2 and 3 show the

‘3C(.) emission, rcspcctivc]y.  The  optical emission inchannel maps of CO and

Fig. 1 corresponds mostly to the ionizing radiation from the central stars in the

Rosette Nebula, and it appears to be anti-correlated with the CO emission. The

lack of CO emission from the region around  (o, J) = (06h32n’  10’, 04022’) in Fig,

1, or (A&, Ad) = (5’, 5’) i]~ Figs. 2 & 3, is ])rcsumab]y  duc to the dissociation

of molcculcs  by UV radiation which has ]wnetra.ted  relatively decp]y i~lto  the

edge of the molecular C1OUCI. The  presence of a rich velocity structure in this

region is evident from the channc] maps, We see that the globules appear in the

velocity range bet wccn 8 and 12 km s-] , whi]c the stronger extended elnission

exists bctwccn  velocities of 12 ancl  17 km s-’. III Fig. 1, the 13C0 mission

i s  intmgratcxl  bctwccn  5 km S-l ancl 12 km s- ]. The corresponding map of

intcgratd  CO emission appears silnilar  tc) that shown in Fig. 1, in w]lich the

globules arc icicntificd  and labeled. ‘J’lIC stronger cxtendccl  emission shown in

l~igs. 2b and 3b corresponds to the region of strongest cmissio]l in the Rosette

molecular cloud which was ]nappcd  Ly IIlitz  and ‘1’haddeus (1980). It is clear

from Figs. 2a and 2b that the ,globu]cs arc Lluc-shifted by 6 – 7 km S-l with

respect to tl)c Rosette cloud. Since oLjccts  1- 6 appear relatively well isolated,
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we rcfm to tl)cm as globules. 0bjccts7- 9 (clumps) appear to k supmposd

over the mnission from the ltoscttm cloud, but they  have tllc satnc  velocity as

tllc globules.

in Fig. 2b, the peak in CO antenna temperature appears at * 15 km S-l at

(As, Ad) = (–7’, 12’). IIlitz & ‘1’haddcus  (1980) found this location to be the

])cak in CO cmissicm throughout tl]c Mon 0B2 complex. “J’llis  peak coincides

with the location of lRAS 06314+-0427  (Cox, llcharvcng  & l,ccne  1990; Block

1990). We refer to this source hcrcaftcr afs 11{S (note that Blitz  and Thacldcus

refer to AFG1, 961 as ‘IRS’).

At the location of AFC;L 961, Dlitz and Thadclcus (1980) fount] CO emission

to bc self-absorbccl, in a rcgioll  rou,gllly elongated towards tllc north-west with

an extension of about 1 pc x 3 pc. From Fig. 2a, at 11 and 11.7 km s--’,

there appears a lack of CO emission in a, narrow region passing through the

location of AFGL  961 and inclined towards the north-west; while ill Fig. 3a, the

‘3C0 emission appears contiltuous  in this region at these velocities. ‘J’bus, wc

scc that the region over which CO self-absorption occurs is significantly larger

than was indicated by Blitz and ‘1’llaclclcus  (1980). When compared to the ‘3C0

emission, the absorption dip in CO line-])rofiles is slightly blue-shifted. Sclf-

revcrscd  profi]cs arc seen from a few other regions in giant molccu]ar  clouds

(Sncll & Lorcn 1977; Hlitz & ‘1’haddeus  1980; l,cung  & Drown 1977) and have

often been interpreted as an i]ldication  of co]lapsc of outer cool gas onto a l]ottcr

core. This explanation may not ho]cl for the region around AIWL  961 as the clip

is Lluc-shifted and since the area over which the clip occurs is much larger than

the typical expected size of a collapsing region. A similar phenomenon has also

been noticed by Xic (1 992) in tllc Mon R2 core.

WC now discuss the observed properties of the globules. Globules 1 and
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3 c]carly  llavc cometary sha]m , wl~ilc  globule 2 a])pcars to bc a fra.gmcmtml

extension from globu]c 1. Near the location of globule 6, ]Ilock (1990) idmltifiecl

optically tllrec  colnctary  globules all pointing  rouglily ill tile direction of IRS.

l’ossib]y due to ham-dilution, tllcsc cometary globules do not appear distinctly

o]) our CO maps. }Iowcwcr, globule 6 is elongated roughly in tllc same NW-SE

direction a.s the optical cometary globules. A spatial-velocity cut, through this

object along this direction shows a velocity gradient of ~ 0.6 km s-’ pc-’.

{;lobu]c 1 has been idcntiflcxl  optically })y H]ock  (1 990) and by Sugitani,

Fukui & ogura (1991) (object numtm  24 in their  catalog). Fig. 4 presents a

superposition of the CO, ‘3C0 and optical elnission from this object. ‘1’here is

a dcfi]lite correspondence I.mtwccn the region of visible extinction and the 13C0

emission. IIowcvcr,  the optical size of tllc globule is significantly smaller than

indicated by molecular tracers. Although CO emission is widespread over the

optical image of the globule, extending beyond the tail, the 13C0 emission is

collflncd  to the head of the globule. Fig. 5 shows a montage of the CO and

13C0 spectra in the head region. ‘1’hc ratio of 13C0 to CO antenna temper-

ature increases systematically towards the western boundary of the globule’s

head. This could indicate a gradient in either temperature or column density

(or both). IIowcvcr,  since this ratio approaches unity, it is more likely to iildicatc

an enhancement in optical dcpt}l in this region just illsidc the bright rim. The

antc]lna  temperature of both the spccics dccrcascs  clramatically  in this region

which is consistent with the photodissociation  cxpcctcd  at the rim.

As noted by Block (1990), the symmetry axis of globule 1 seems to point

towards IRS. Fig. 6 shows a spatial-vc]ocity  CO map cutting through globule 1

iu this direction (’a’ in Fig. 1). ‘1’hc velocity separation of the globule rcla.tive  to

IRS is about 6 km/s, Witl]in  the globule, there is a vcdocity  gradient of about
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1.6 km S-l pc- 1 . Wc also scc a velocity gradient in tllc opposite direction across

the cn~ission  associated with IRS of N 0.5 km s-’ PC-l. A spatial-velocity cut

along a north-west direction (’b’ in ]“ig.  1 ) across globules 5,3 alld 1 is shown in

Fig. 7. The complicated structure of velocity gradients in different globules is

apparent in this I“igurc.

Table 1 summarizes tl)c observed p]lysical  properties of tl)c globules. All the

globules and clumps appear to bc at a VI,.SR  of M 9 km s-]. ‘J’heir sizes vary from

1 to 3 pc; globu]c 6, however, is the most elongated having a length of about 5 pc.

Assuming CO emission to Lc optically thick and 13C0 to h optically thin, and

assuming El’It, wc calculate column clensitics  and kinetic tcmpcraturcs  towards

the central regions of the globules according to the method of Ilicklnan  (1978).

The kinetic tcmpcraturcs  ?~ listed in Table 1 are estimated fro]n the CO aIltclina

tcmpmature,  assuming a beam-filling factor of 1. ‘1’he column densities listed in

Table 1 are the mean values in the central regions of the globules, and vary from

1---7 x 10*1 c?n-2. The masses  were calculatcxl  from tile LTE column clcnsity

in each pixel. With the usual uncertainties associated with the 1;1’}3 method,

the globule masses may bc in error  by about  a factor of 2 (not incluclil)g  the

uncertainty in the distance to tile ltoscttc  Nchula).  Additional uncertainty is

present for clumps ‘7 and 8 duc to confusion with emission from IRS.

3.2 IRAS associations

As noted by Cox, ])c}larvcng & ]Jccnc  (1 990), many of the molecular c]umps

in the Rosette region arc associateci  with IRAS sources. Table 2 lists the lR.AS

sources associated with the objects we have identified. ‘1’he far infrared lunli-

)Iositics appearing in Tab]c 2 were calculated using tllc following formula (Casoli
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cl al. 1986),

(1)

where 1) is tl]e clista~lcc in pc and .$~ is the flux density in Jy. In globule 1,

lRAS06322-t0427  appcarsfaintlyoll  t}le}’OSS rc(l]Jrillt,  at tl]elocation  of the

peak ill 13C0 emission (sew Fig. 4). ‘1’llis  source is located at a distance of about

0.5 pc Lcl~ind  the rim. Withirl  tllc sensitivity of our oLservatiolls (sew Fig. 5),

the spectra do not show any indication of an outflow xicar this lRAS source.

Wc have also detected CS J=2- 1 emission from the location of this lRAS source

where it appears to have a peak. This spectrum is shown in Fig. 8. Following

Goldsmith et al. (1992), alid assulni]lg a value of 10-B for the abundance of

CS relative to 112, wc estimate a dc!nsity of R 8 x 103 c m-3 (averaged over the

Lcam),  at this location.

Two IRAS sources arc found to bc: associated with globu]c 3. Of these,

X0632+-043  is from the IRAS Small Scale Structure Catalog, and has a relatively

large positional uncertainty (* 4’). Fig. 9 is a plot of integrated 13C0 emission

from gloLulc  3 which shows two peaks in emission separated by * 1.5 pc along

cmt-west. IRAS 06314+0421 also appears near the peak in 13C0  t-mission in

gloLulc  7. All these 1 RAS point. sources have colors which arc characteristic

of those sources associatcxl  with dcnsc corm (Emcrso]) 1987; l’arkcr  1991) and

it thus seems plausih]c  that these infrared sources arc embedded  within the

globules.

4 Discussion

Our CO ond ‘3C0 mapping has rcvcalcd  the following distinguishing char-

acteristics of the globules in the S13 quadrant of the Rosette Nebula:  (1) they
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a])pcar cometary in sllapc (1’’igs. 1,4 & 9); (2) tllcir  wloc.itics arc blue-shifted

witl~  respect to the I{osctte Molccu]ar Cloud by about  6 km s-] (Figs. 2 &3);

(3) tl,cy have internal velocity gradients (h’igs. 6 &7) and (4) tl,cy show sig*,s

of star formation as suggested by tlm prmcnlcc  of IRAS point sources at the

location of peaks  in ‘3C0  emission (1’igs. 4 & 9). Globule 1 also shows the

presence  of a bright rim roughly facing NW (Figs. 1 & 4) towards the exciting

stars of the NGC 2244 1111 region, Wc now briefly discuss in the context of our

observations some of the thcorctica]  models, which arc relevant to unclcrstancling

the structure and origin of these cometary globules.

An early idea  suggests that cometary globules evolve from elongated protru-

sions (elephant trunk globu]cs) which are causccl  by Raylcigh-’l’ay]or  instability

in a shell of dense gas which is external to and pressurized by hot ionizccl  gas

(1’ottasch 1958b,  IIcrbig  1974). As shown by Schncps,  IIo & IIarrctt  (1980), the

elephant trunk gloLulcs  in the NW quadra~lt of the ltosctte  Nebula  were most

likely created by a Raylcigh-Taylor  instability. The SE globules c]iscussed  here

differ in a number of respects from those ill the NW quadrant. ‘1’he SE globules

appear to be farther away from the central exciting source of the 1111 region, while

the NW globules project into the 11 II rcgicm  from tllc interface Lctwcxm the 1111

region ancl the molecular material, The SE globules lie in a relatively quiescent

region  and are visihlc only on enhanced 1’0SS images, whi]c the NW globules

appear as silhouettes against the bright IIcr emission from the 1111 region. The

globulin evolvccl  from the elephant trunks in the NW are typically very small

(0.02-0.2 pc),  and arc refcrrccl to as tear- clrop globules (} Icrhig 1974, Ccrnicharo

1991 ), ‘1’he sizes of the S1; globules arc, on tllc otllcr  hand, typically larger than

1 pc (Table  1 .). If the S13 globules were crcatccl by Raylcigh-’l’aylor  mechanism,

the observed intcrna]  velocity gradients should bc due to the stretching of the
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g]obu]c,  as cliscusscd  by SCllll~}Js, 110 and llarrctt, tllcn tlic velocity gradients

should occur along directions llcarly parallel to cacll other, whicl)  is not what is

olwcrvccl  (SCC Figs. 6 & 7). 111 this sccmario, colnctary  globules arc the tips of

tllc inward-projecting tongues of material. As such, they should have a slnallcr

outward velocity (relative to cclltral  star of ]111 region) than  tllc material of

the sIIcII at their Imsc. In fact, wc scc tllc SE g]ohulcs in projection against

tllc 1111 rcgiou, but they arc blue-slliftcd compared to tllc cxtcndcd  emission,

opposite from what would Lc cxpcctml in this picture. lIcncc,  wc feel that the

Raylcigh-’l’aylor  mechanism is ICSS likely to bc the cause for the globules in the

SE quadrant of Rosette Nebula.

Another possibility is that the SF; globules have formed  from fragmentation

of an unstable layer bctwccn  the ionization front and the shock front at the

interface bctwccll  the neutral and tllc io~lized  region (Elmegrecn  & Lada  1977).

lf wc assume a densityof103 cm-”3 for the molecular cloud, atmnpcratureof100

K for the cooled, postshock (CI’S) layer, and an O star coluJnn  clcnsity  of 10 per

100 pc2, wc obtain from l~q.  13 of Elrnegrccn  & I~ada (1977) that t}~c thickness of

the CPS layer would be N 0.6 pc at a distance of 25 pc from the central exciting

source. ‘J’his value is considerably slnallcr  than the size of the region occupied hy

the globules. Onc may ar.guc that the C1’S layer which was fragmented and led

to the formation of tbc globu]cs is almost normal to tbc lillc of sight. IIowcver,

the apparellt  cometary form of the globules suggests otherwise. The velocity

of the shock given by Eq. 7 of IOlmcgrccll  & Lada, for a distance of 25 pc, is

4.2 km S-l. ‘J’his is comparahlc  to the velocity of the globules with respect to

the Rosette Molecular Complex. According to IUlncgrccn & l,ada, due to the

inhomogcncitics  in the molecular cloud, difTcrcllt parts of the shock will bc at

diffcmnt  distances from the cxciti]lg star with a resulting diffcrcllce in velocity
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givcll  by Av,/v,  ~ AIS/4r. lJsing t}lc  obsctvcxl  value of the velocity of globu]cs

for v, N 6 km S-*, and a typical separation of N 5 pt., wc get Au. w 0.05 km s-l,

which is considerably smaller than the obsctvcxl  velocity spread of w 0.25 km s-l

as seen from “1’able 1. With tllcsc considerations, wl~ilc wc cannot completely

rule out the possibility that the globules have resulted from a C1’S layer, the

Elmcgrccm & IJada mcAallisln is IIot highly c.ompclling.

An intense flux of UV radiatiol~  can cause the implosion of a neutral cloud

as studied numerically by Sandford, Whitakcr & Klein (1 982) and by Klein,

Whitakcr & Sandford  (1985). A detailed analytical study of photocvaporating

globules has Lcen made by IIcrtolcli  (1989) and Hcrtolcli  & MCKCC  (1990), who

also demonstrated the consistency of their theory with the observed parameters

of the elephant-trunk globules in the north-west quadrant of the Rosette Nebula

and the cometary globules in the Gum Nebula. An application of this theory has

also been rnadc rcccntly  to an observational study of a bright rim in NGC 2264

Ly Taubcr,  l,is & Goldsmith (1992), who found it to bc rcasonab]y  consistent

with their observations. in the formalism of Bcrto]cli  & McKee (1990), a cloud

surviving the UV radiation will settle into an equilibrium cometary configuration

in a sound crossing time, whi]c accelerating away from the exciting source. Thus

t}lis model appears of considerable i~ltcrcst  for understanding the SE globules.

Given that molecular clouds arc typically very clumpy (Stutzki et al. 1988;

lloissd 1990; Tauber & Goldsmith 1990; l}lmegrccn 1992), wc prefer the inter-

pretation  that the cometary g]obulcs  have evolved from prc-cxistillg  c]uInps in

the molecular cloud, under the effect of UV radiation from the central OD stars

in NGC 2244. Duc to clumpincss  in tile mo]ccula.r  cloud, the ionizing  radiation

pcnctratcs  into the cloud cffcctivcly,  and rcac}lcs  the dense clumps in the more

distant part of the molccu]ar  cloud. ‘J’lle initial conditions in the clumps favor
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a ]1-type ionization  fml]t wllicll drives a shock illsidc  t}lc  clulnps  wl]icll evolve

to l)c!cx)mc  globules. These glohulcs subscquc~ltly  Inaintaill  a stationary state

ill which they al)])car to IIavc a cometary form. Since tbc globules appear as

mlhanccd extinction in the optical ilnagc, and as t}lcir velocities arc blue-shifted

with  respect to that of the cxc.iting  stars, they arc in the {orc,ground  and have

been accelerated towards us, away from the Rosette molecular cloud. It is likely

that globule 2 is a clump that has fragmented froln globule 1 duc to the ra-

diative  ilnplosion.  A similar ])llcnomcnon is also suggested fro]n tllc ‘3C0  map

of the intcgratccl  intensity bctwccn  9 and 12 km .$-1 in globule 3 as shown in

lrig. 9. The IRAS sources 06327+0423 alld X0632+-043  in globule 3 indicate the

possibility of multip]c  star-forlnation  alwlg the symmetry-axis of a radiativcly

imploded globule. In the CO observations of the pronli~]cnt  cometary globule in

IC 1396, we can see a similar fraglncntation  along the symmetry axis (see Fig.

3a of Nakano  ci al. 1989).

The influcncc  of the radiation from NGC 2244 is directly indicated by the

presence of the bright rim in globule 1. Anot}]cr  indication of this interaction” is

seen in a small region that projects out of clump 9 towards the liorth-cast.  On

the CO spatial-velocity map shown  in Fig. 6, this region appears at AS x 20’,

and the size of this projection is ~1 pc. The spectra around this position arc

shown in Fig. 10. Wc scc that the narrow rcd-slliftcd  CO emission (lrWIIMN

1.8 km s-l , at VI,S1t  -Q 16 km S-l) occurs in the same rcgio~l that shows the

broad blue-shifted emission (l~Wll MN 3 km s-’, at VISR * 8.5 km s-’). T h e

‘3C0  emission is below tllc sensitivity of our observations. Onc possibility is

that this clump has LCCII  shocked and the post-shock heated gas is respolisiblc

for the broad Lluc-shiftccl  line while the prc-shocked cooler gas produces the

Ilarrower  rcd-shiftcc] (or at a]nbic]lt vclocit,y)  cmissiorl  (a sirni]ar  cxamp]c  o f

12



such a phcnmncnon  has lmcn noted car]icr  by Wilking  et al. 1$S4 in W5).

]krtoldi  ( 1989) has pmscntcd  an initial cloud ]Jaramctcr  space in terms of

cloud column density and a parameter that  cl)aractcrizcs  the ionization strcl@h:

With the source of (JV radiation as the central 01] stars of NGC 2244 for which

tllc Lyman continuum photon  lumil~osity  is 5.8 x 1049 photons s- 1 (Cox,  I)c-

harvcng  & I,cc.nc 1 990), and assuming that our mcasurccl  mean value of column

density is rcprcscntativc  of the initial  value wc find that globule 1 lies iu region

11 of Bcrtoldi’s  plot of initial cloud paralnetcr  space (SCC Fig. 1 of llcrtoldi  1989).

This region corresponds to CIOUCIS  whic]l  will be compressed by an ionization-

front-driven shock, with an ionized gas bounclary layer (rccomhillation  layer)

t}~at  is thin compared to the size of the globule. Clouds of these characteristics

w“ill  bc: accclcratcd  away fronl’ the source of the UV radiation rather than being

completely ionized, as would occur, for example, for lower mass objects.

lksccl  on the optical morphology of the globules, l~lock (1990) has suggested

that they arc largely influcncccl  by stellar-winds from a hidden Q7 star at the

location of IRS. l)ue to a smaller distance between the globules and this hidden

exciting source at IRS, a smaller value of its luminosity corresponding to a single

07 star, * 0.2 x 1049 phoions  s-], may still produce a flux comparable to that

duc to the stars in NGC 2244 assuming that the true and projected distances

are not very different. IIowcvcr,  tile spectral type of this hidclcm object was

inferred from the observed far infrared flux awun~il)g  a sin,g]c source of radiation.

Subsequent infrared imaging has revealed the presence of a cluster of objects at

this location (l~lock,  l)ysoII & hfladscll 1992). ‘J’his would leacl to a smaller value

of luminosity for this hidclcll source. It seems more likely that tllc globules arc

primarily affected by the radiation from NGC 2244 and only weakly influenced

by the young stc]]ar  ohjcct(s) at ]I{S. ‘J’hc c]uJnp  associated with this ohjcct

13



(w]lcrc t]lc C() cmissioIl  peaks) also ]ics in rcgiotl ]] of ]Icrto[di’s  phase  diagraln.

‘J’}lis su])lmrts  tllc possibility that 11{S lnay also bc a result of radiative implosion

as suggcstcxi  earlier by IIlitz  and ‘1’haddcws  (1980).

Frcnn Eq. 3.23 of Bcrtoldi  & MCKCC  (1990), wc estimate tllc pressure CIUC to

the hot ionized gas produced by the UV radiation to he 4.1 x 10-lOdyncs  cm-2,

assulning  the exciting source to bc the stars in N(;C 2244. Wc estimate the

internal pressure in the globules from their obscrvccl lincwidths,  and find it to

be of the orcler of 1 O-”lOdyncx  cm-2, showing that the globu]cs are likely to be

in near pressure cc]uilibrium, ‘1’hc cxtcrllal  pressure near the tail region of the

globules is expcctcd  to bc less, and corrcsponding]y  these  regions in the globules

appear more diffuse as seen in Figs. 4 & 9. Hlock (1990) has suggested that the

globules are influenced by a stellar wind from a hidden 07 star at the location

of IRS. F,q. 3.36 of IIcrtoldi  and McKee (1 990) gives the ratio of t}~c pressure

duc to the hot ionized gas to tlic ram pressure duc to the stellar wind from

the exciting source. With the exciting source to bc the stars in NGC 2244, wc

find this ratio to bc of the order of 3000, wllilc with t}~c exciting source to bc

a hidden 07 star at the location of IRS, wc find this ratio to bc shout 200. It

appears that the stellar wind would have to hc unusually strong in order for it

to dominate tllc effect of tllc IJV radiation. Ilowcvcr,  as seen from Figs. 1 & 6,

tllc: symmetry axis of globule 1 and tllc direction of the velocity gradient ~)oint

towards IRS, suggcstillg  an interaction wit]] tile source at this location, but the

IIaturc  of this interaction rcmaills  unclear. F’urtllcr infra-rcd  observations would

bc he]pful to clarify the characteristics of t~lis hic{dcn source.

It is interesting to compare the cstima,tcd  I;I’E mass with the virial  mass

to approximately cllcc.k  if the glohulcs arc gravitationally self-bouncl. Using a

value of 0.5 pc for its radius and a *3C0  line-width of 1.5 km s-”] we find the

14



virial mass of globule 1 to Lc ~ 140 Alo, wllcrc wc have Ilcglcctcd lnagnctic  field

and cxterllal  pmssurc, and assumed a variation in density as 1 /T’2 (McI,arei~,

Richardson & Wolfcndalc  1988). For tllc case of constal]t  density and a density

variation as 1 /r, wc get 236 and 214 A4Cj, rcspcctivc]y.  ‘1’hcsc virial ~nass esti-

mates arc greater than or comparable to the 100 Al@) LTE ]nass of t}le globule,

suggesting tl~at the globule is at best  critically self-bound cxclucling  the effect of

the radiative implosion. Ilowcvcr,  tllc prescncc  of the lRAS source in t}le head of

the globule suggests that collapse has taken  place, and thus radiative implosion

is likely to have played an important role in star-formation in this globule.

The SE globules arc olxscrvcd  to llavc  velocities typically 6 km s-l blue-

shiftecl relative to tllc cxtcndcd  emission in the ltoscttc  molecular cloud. The

estimated LJV flux at globule 1 and its xmws from the CO ol.xmrvations,  locates it

in the equilibrium co]nctary  cloud mass-flux parameter space defined by Bcrto]di

& MCKCC (1990) (SCC their Figs. 13 & 14), in a rc.gion  which corresponds to the

following characteristics: (1) tllc globule will not be instantly ionizecl  by the

radiation; (2) during its initial radiation driven itnplosion,  it will gain a velocity

of N 2,5 km s-] (Eq. 2.5 of 13crtoldi  1989); (3) the globu]c will move far from

its initial position while evaporating. Whether this initial velocity increases to a

value close tc} that observed is diff]cult to ascertain given the uncertainties in the

initial conditions. IIowcver, it scmns plausib]c  that this mechanism dcscribcd  by

IIertolcli  & MCKCC  can explain the observed velocities of the SE globules.

I’hc dynamical age of t}lc  1{.oscttc  Nebula is ahout 2 – 6 x 105yr  (Mathews

1967). NGC 2244 has two stars with spectra] types earlier tlla~l 06 which have

upper age limits of 3 x ]Ocyr (Stotllm-s  1972). ‘J’hc dynamical agc inferred

from the velocity gradient in glolm]c  1 is N 6 x 105 yr (SCC I’ig, 6). 10-oIn the

velocity gradients in tlic clc])l]ant-trullk  globules in tl~c nortl]-wmt  cluadrant,
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Sclineps, 110 & IIarrctt (1980) have estimatm-1 tllcir  agc to be 3 --5 x 105yr.  Wc

}lavc assulned  that the SE globules IIave cvolvcxl  from ~lrc-existing clumps  under

t}lc influcllcc of UV radiation froln NGC 2244. Wc estimate the typical sound

crossing time ill these  clumps to he of tlie order  of 107yr,  neglecting magnetic

fields and using a size of 1 pc. []sillg Eq. 4.10a of Hcrtoldi  & MCKCC  (1 990),

wc find the characteristic evaporation time for globule 1 to lx w 4.5 x 107 yr,

somewhat greater than the sound crossing time. IIowcvm, as noted  by Bcrto]di

aud MCKCC, if the clump  is magnetic (with a typical field strength of the order

of 30pG)  then  the sound crossing time (Ec]. 4.8 of IIcrtoldi  and MCKCC) is 3.4 x

105yr, significantly less than the evaporation time. llencc a magnetic post-

implosion clump would have enough time to settle into an equilibrium cometary

configuration as described Ly the formalism of Ilcrtolcli  and McKee, within a

time scale that is consistent with the dynamical time scale of the Rosette Nebula

and the age of the 0 type stars nc)ted above. SUCII cometary globules would then

also have the consequences of radiative implosion and acceleration away from

the source of UV as dcscribcd  by Bcrtoldi  and MCKCC, with a typical velocity of

about 5 km s–]. While a mom  exact col~firmation  of the calculations of Bcrtoldi

and MCKCC (1 990) requires  further observations , in particular observations of

the ionized gas near the bright  rim of the globules and observations at higlwr

angular resolution to study the density profiles of the globules, all the major

observational fc%turcs  of the globules rcportccl here appear consistent with this

nlodcl  ,
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5 Summary

Our study of CO and 13C0 Clnissioll fronl tllc newly idcntifiml c.omc!tary glob-

UICS in the south-cast quadrant of t}lc  l{,oscttc Nchula  has lcd to the following

main results. The globules arc kinclnatically  distinct from the Rosette molecular

cloud, having a velocity of 6 — 7 km s-l relative to the stars and ionized gas of

the 1111 region. ‘1’wo of these globules appear to bc examples of star-formation

by radiativc]y  driven implosion of molecular clouds and they proviclc  an oppor-

tunity to c}lcck the thcorciically  prwdictcd  characteristics of clouds influenced

by lleigllboring  young stars. ‘1’hcsc globules appear to have imploded under  the

influence of ionizing radiation from the 011 stars in NGC 2244. A hidden young

stellar object at the position of the C() peak may also be affecting the glohulcs M

suggested by their orientation and the directions of internal velocity gradients.

IIowcver,  the central stars in NGC 2244 seem to have had a rnorc significant

cflcct on the globules.

Wc thank Ron Sncdl ancl l’rank Bcrtoldi  for IIclpful cliscussions,  and Chris

Salter for suggestions on improving the manuscript. Wc arc grateful to K. Sug-
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College Radio Astronomy Observatory is operated with the permission of the

The  Metropolitan District Commission. ‘1’his work was supported in part by

NSF Grant AS’I’91 15721. ‘1’his is contribution 791 of the Five College Astron-
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Figure Captions

Fig. 1 A POSS red priilt  of tllc I{oscttc Nebula and surrounding rc.gio]l. ‘1’llc

region we m appcd , indicated by the rcctanglc,  is expanded in the lower

panel showing the i[ltcgratcd 13C() clnissioll ill tlic velocity range 5-12

km S-l. “Mc contour levels arc between 1 and 6 A’ km S-l, separatcxl by

11( km S ‘1. l~a.ch  grcy shaded bc)x represents a sampled spectrum in the

map, with tllc shading scaled linearly with the integrated intmlsity.  ‘1’llc

globules wc have iclcntificd  arc labeled in this figure. On a large scale,

the molecular emission is anti-corrcdatcci with the optical brightness whicl)

represents ionizing radiation. Globule 3 is not visible in optical extinction,

while the three cometary globules dctectccl in the masked photogra~)l)s  by

Hlock (1990) arc not cvidcmt in CO emission.

Fig. 2a,b Channc]  maps of CO emission. The contour lCVCIS arc separated by

1 K bctwccn  2 and 16 K. The globules appear at velocities 8- 12 km S-l
while tllc stronger emission from the Rosette cloud appears at 14- 17

km S-l. At (As, Afi) = (O’, O’), wc note the emission from the AFGL  961

outflow with the rcd-slliftcd  lobe at around 15 km s-] and the blue-shifted

lobe at around 9 km s- ‘; the bipolarity of the outflow is evident even at

low velocities. At (7’,11 ‘), the fragmentation of globule 1 is seen clearly at

9 km S-l.

Fig. 3a,b Channel maps of 13C0  emission. The contour levels  arc scparatcc]

by 0.5 K between 0.5 and 6 K.

Fig. 4 Overlay of the optical image of globule 1 with tllc CO (das}lcd contours)

and ‘3C0 (solid contours) emission. The CO clnission is WCII co~lfincd by

the bright rim, showing a s]larp dccrcase  in emission at the rim. in the

head region there is a clear anticorrelation  bctwccn  the optical and tllc CO

emission but near the tail the CO emission is extended. 13C0 is confined

to the head of the globule where the density is prcsulnably  enhanced clue

to the ionization-front-driven shock. ‘1’hc cmbcxldcd  IRAS source is also

faintly visible in this 1’0SS rcd print and it is ]ocatcd  near the peak of the

111~ column density at a distance of about 0,5 pc bchilld the brigl)t  rim

on the symmetry-axis.
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Fig. 5 Montage of CO (solicl  CUIVCS) and *3C0 broken curves) spectra ill(
the IIcad-region of globule 1. ‘1’llc incr~!asing  ratio of ‘3C0  to CO peak

illtcnsitics  towards tlic direction of the al)cx at (As, A6) == (3’.5, 12’.5),

indicates the incxcasc  in column dcllsity  tllcrc  CIUC to i]nplosion (offsets

measured from Al’’G], 961, cr(l 950) =: 06h31’’’58S,  6(1950) = +04 °15’30”).

Near tlm location of the rim the CO emission dccrcascs  sharply, presumably

duc to photodissociation  by tl)c radiatiorl  from t}lc 1111 reg ion  which is

Ilort]l-west of the globule.

Fig. 6 Spatial-velocity CO m’ap across globule 1 and IRS along the axis in-

dicated as (a) in Fig. 1. The position offset, AS, is measured from

(~, d) = (06h32n’50S  04 °28’30’”) ) .  T h i s  figure shows t}]at the globu]c i s

blue-s] liftecl by about 7 km S-l with respect to IRS. There is a velocity

gradient of 1.6 km S-l pc-l along the direction pointing towards IRS.

Fig. 7 Spatial-velocity map across globules 1,3 and 5 along the direction indi-

cated  as (b) in Fig. 1, towards tllc direction of the central stars in NGC

2244. ‘l’he position offset, AS, is measured from (o, 6) w (6~33’’’,40l)’).

The velocity gradicmts seen across globules 1 & 3 arc similar, but are of

opposite sign from the graclicnt  seen in globule 5.

Fig. 8 CS J=-2-I emission from the location of the lR.AS source 06322+0427

at the head of globu]c 1.

Fig. 9 Association of lRAS sources 06327+-0423  (s) and X0632+043  (‘(x”) with

the peaks in ‘3C0 integrated intensity Ixtwccn  9 arid 12 km S-l in ,gIohulc

3. X0632+043  is from tllc lRAS Small Scale Structure Catalog, and has

a positional uncertainty of about 4’,4. Contour lCVCIS are separated by

0.5  1{ km s-l bctwcwn 1 and 3.5 1{ km s-l.

Fig. 10 CO and 13C0  spectra from a region near clump 9, projecting to-

wards the }11 I region. The narrow CO line represents emission from the

preshocked  gas that is at the velocity of the Rosette C1OUC1 complex while

the post-shock heated gas in the clump is rcsponsib]e  for the broad blue-

shiftcd  line.
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Table 1: PhysicaI properties of globuIes

GIobuIe a(19.50) 6(19.50) Tk VL 5 R
fv(H2) Mass (21 bl IRAS

hmsotff (K) k m / s  x  1021crn-2 MO (pc) (pc) source
I 0 6 3 2 1 8 . 5  0 4 2 7 5 0  1 6 . 3  8.8 6.8 100 1.4 1.8 06322 ~0427
2 0 6 3 2 2 8 . 0  0 4 2 3 4 5  12.3 9 . 2 1.1 50 0.’7 o.s

3 0 6 3 2 3 2 . 0  0 4 2 2 2 4  15.3 9 . 7 6.6 150 1 . 8  2 . 9  06327”*0423
X0632+0432

4 0 6 3 2 3 1 . 9  0 4 2 2 2 4  9 . 3  9 . 2 1.6 200 1.5 2.7
. 0 6 3 2 4 8 . 6  0 4 1 9 5 3  11.6 9 . 5 2.2 300 2.3 2.5
: 0 6 3 2 4 0 . 2  0 4 1 3 1 2  11.2 9.1 3.4 200 2.1 4.6
7 0 6 3 1 4 0 . 0  0 4 2 0 4 4  1 3 . 5  9 . 2 22 100 2 . 1  2 . 0  06314+0421
8 0 6 3 1 3 3 . 3  0 4 2 6 1 0  14.7 9 . 5 11 100 1.9 1.5
9 0 6 3 1 5 1 . 7  0 4 2 6 3 5  11.2 9 . 2 4.6 50 1.5 1.6

1 a is the diameter along  the minor axis, and b? along the major axis
2From IRAS Small ScaIe Structure CataIog



Table 2: IRAS sources associated with the globules

IRAS a(1950) 6(1950) Flux (Jy) L(LO) Association

12prrz 25pm 60prn  100pm

1 06314+0421  0631 2S.1 042126 0.7 1.6 105 323.6 73’7 GIobule  7

2  06314+0427  0 6 3 1 2 6 . 6  0 4 2 7 1 ’ 7  6 . 1  6 . 5 129.3 323.6 924 CO peak (IRS)

3  0 6 3 1  S+0420 0 6 3 1 5 3 . 6  0 4 2 0 1 3  1.5 3.s 36.6 995.2 136S

4 06319+0415  0 6 3 1 5 9 . 0  0 4 1 5 0 9 7s.4 375.s  9 5 s . s 995.2 7622 AFGL 961

5  06322+0427  0 6 3 2  16.5 0 4 2 ’ 7 4 0  0 . 4  0 . 7 10.2 73.9 131 G1obuIe  1

6 0632’7*0423  063247.0 042313 0.5 0.S S.2 62.7 114 Globule 3-.. -—, -

7 X0632+043 0 6 3 2 3 1 . 6  0 4 2 3 4 6 299 Globule 3
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